In this paper, we examine the potential excitatory naLittle is known about how GABAergic inputs interact ture of exogenous and synaptically released GABA in with excitatory inputs under conditions that maintain mature neocortical pyramidal neurons using conditions physiological concentrations of intracellular anions.
depolarizing responses from rest (mean resting potenextracellular recordings described above, somatic GABA applications inhibited action potential generation tial: Ϫ79 Ϯ 1mV; n ϭ 33), with somatic GABA responses reversing at a somatic membrane potential of Ϫ68 Ϯ when paired with suprathreshold excitatory postsynaptic potentials (EPSPs; Figure 2C , top traces), whereas 2mV (Figures 2A and 2B ; n ϭ 8), a value 5 Ϯ 2mV below action potential threshold (Ϫ63 Ϯ 1mV; n ϭ 8). Depolariz-GABA applications to the apical dendrite promoted action potential firing when paired with subthreshold ing GABA responses were completely blocked by bicuculline (20 M; n ϭ 4), indicating that they were mediated EPSPs ( Figure 2C , bottom traces; n ϭ 7). As was observed during extracellular recordings, dendritically apby GABA A -type receptor activation. Consistent with the plied GABA decreased the latency of action potential somatic aEPSPs ( Figure 3C , top traces; n ϭ 9), whereas firing when paired with suprathreshold EPSPs (data not somatic IPSPs were inhibitory when evoked just before shown), indicating that the excitatory action of dendritic aEPSP onset ( Figure 3C , bottom traces).
GABA does not depend on pairing with subthreshold
To examine the subthreshold interaction of excitatory EPSPs. and inhibitory events, evoked somatic and dendritic IPSPs were paired with subthreshold somatic aEPSPs during somatic gramicidin perforated-patch recording.
Excitatory Responses to Synaptically
We found that depolarizing dendritic IPSPs summed Released GABA linearly with somatic aEPSPs, with the combined reConsistent with the earlier work of Andersen et al. (1980) , sponses being 99% Ϯ 3% of the arithmetic sum (Figure the above results indicate that dendritically applied 4, upper traces; n ϭ 5). On the other hand, depolarizing GABA can excite pyramidal neurons. To determine if somatic IPSPs timed to be coincident with somatic synaptically released GABA can also facilitate action aEPSPs reduced the amplitude of aEPSPs by 16% Ϯ potential generation, we paired pharmacologically iso-7% ( Figure 4 , lower traces; n ϭ 5). These data demonlated synaptic GABA responses, traditionally referred strate that the excitatory nature of dendritic GABA A reto as "inhibitory" postsynaptic potentials (IPSPs), with ceptor activation results from the near linear summation artificial EPSPs (aEPSPs) generated by somatic current of depolarizing dendritic IPSPs with somatic aEPSPs. injection. IPSPs were evoked by extracellular stimulaPrevious research in invertebrate (Segev and Parnas, tion in layer 5 (somatic IPSPs) or layer 2 (dendritic IPSPs) 1983) and cultured hypothalamic (Gao et al., 1998) and were completely blocked by bicuculline (20 M; n ϭ neurons indicates that depolarizing somatic GABA re-7). Somatic IPSPs were depolarizing from rest and had sponses can also facilitate action potential generation reversal potentials similar to those observed during soif timed to occur prior to EPSP onset. Indeed, we found matic GABA applications (Figures 3A and 3B ; reversal somatic IPSPs to be excitatory when paired several millipotential: Ϫ69 Ϯ 2mV; n ϭ 9). Dendritic IPSPs were also seconds before otherwise subthreshold somatic aEPSPs depolarizing from rest, but could not be reversed at ( Figure 5A ; n ϭ 6). To compare the temporal range over somatic membrane potentials below action potential which somatic and dendritic IPSPs are excitatory or threshold, presumably due to their distant dendritic oriinhibitory, we paired somatic and dendritic IPSPs at gin ( Figure 3A) . Consistent with our findings during exogdifferent times before and after somatic aEPSPs. Denenous GABA applications, dendritic IPSPs promoted action potential firing when paired with subthreshold dritic IPSPs were always excitatory when paired with motes action potential firing even when the soma is dIPSPs were excitatory if timed to precede EPSPs by depolarized to action potential threshold, while somatic more than 5.5 Ϯ 0.6 ms (n ϭ 13; Figure 5E ). At this GABA A receptor activation under these conditions is altiming, the conductance change underlying dIPSPs was largely over, but the somatic depolarization had not yet ways inhibitory. decayed back to rest. These data confirm that the excitatory nature of GABA described here occurs when the conductance change underlying depolarizing GABAer-
Determining Dendritic E GABA gic responses is temporally (or spatially) isolated from Imaging studies using ion-sensitive dyes have demonconcurrent excitatory input. Furthermore, these findings strated a gradient of intracellular chloride within the denindicate that in the mature cortex synaptically released drites of cultured hippocampal neurons (Hara et al., GABA can be excitatory or inhibitory depending on its 1992; Kuner and Augustine, 2000), suggesting the possimillisecond timing and somato-dendritic location relability that the excitatory action of dendritic GABA detive to other excitatory input.
scribed here may be enhanced by depolarized values of E GABA in dendrites. To test this, we determined E GABA in apical dendrites using dendritic gramicidin perforatedConditions under which GABA Is Excitatory patch recording (50-350 m from the soma) combined To better understand the circumstances under which GABA will be excitatory, we examined the dependence with focal GABA applications near the dendritic re- 
cording site (Ϯ10 m). Local dendritic GABA responses Modeling GABAergic Excitation
To better understand the spatiotemporal parameters were depolarizing from rest and reversed at potentials similar to those observed at the soma during somatic that determine whether a given GABAergic event will be excitatory or inhibitory, we modeled IPSP-EPSP interac-GABA applications (Figure 7 ). E GABA at dendritic locations greater than 100 m from the soma was Ϫ66 Ϯ 1mV tions in a multicompartmental model of a layer 5 pyramidal neuron. The resting potential in the model was set (n ϭ 6). Linear regression indicated a slight (0.8mV/100 m), but nonsignificant, trend for more depolarized valto Ϫ79mV, and the action potential threshold was set to Ϫ63mV. EPSPs and IPSPs were simulated by a conues for E GABA at more distal dendritic locations ( Figure  7C ). These data indicate that E GABA is largely uniform ductance change with reversal potentials of 0 and Ϫ69mV, respectively. As observed in physiological exacross the somato-dendritic axis and that excitatory actions of dendritic GABA A receptor activation do not periments, depolarizing IPSPs located on the apical dendrite (50 nS; 250 m from the soma) facilitated action require depolarized values of dendritic E GABA . potential initiation when paired with subthreshold with Figure 1B) . As was seen experimentally, the range of locations where IPSPs enhanced somatic EPSPs was EPSPs generated at a basal dendritic location (60 nS; 100 m from the soma) ( Figure 8A ). Somatic IPSPs (50 dependent on their timing, with IPSPs evoked 5 ms before EPSPs always producing a combined response with nS) inhibited action potentials when generated less than 2 ms before basal EPSP onset, but were excitatory at greater amplitude than the somatic EPSP alone, regardless of IPSP location. Additionally, these simulations earlier times (data not shown). We next used a passive model to investigate the influence of IPSP location and revealed an asymmetry in the excitatory nature of dendritic IPSPs, with basal IPSPs (while still excitatory) less timing on the peak somatic depolarization generated during EPSP/IPSP pairing ( Figure 8B ). Consistent with effective at promoting somatic depolarization than IPSPs at proximal apical dendritic sites. our experimental observations, these simulations revealed that IPSPs could, depending on their timing and Finally, we investigated the interaction of dendritic IPSPs (50 nS; apical dendrite 250 m from the soma) location, enhance or reduce the depolarization produced by somatic EPSPs. The combined IPSP (50 nS) with coincident EPSPs (27.6 nS) generated at different locations along the somato-dendritic axis ( Figure 8C ). plus somatic EPSP (27.6 nS) amplitude was greatest when EPSPs were paired with IPSPs generated in the Dendritic IPSPs were most effective at enhancing the combined somatic EPSP/IPSP response when paired apical dendrite approximately 250 m from the soma ( Figure 8B) , with summation of IPSPs with EPSPs generwith EPSPs located near the soma or at basal dendritic locations, whereas EPSPs located near the site of IPSP ating a somatic response greater than the EPSP alone over a wide range of dendritic IPSP locations (compare generation were reduced in amplitude. The combined regions (see Figure 6A ), as in those experiments, glutamate applications produced sufficient depolarization to drive the soma, and hence the site of IPSP input, well beyond E GABA . Taken together, these simulations demonstrate that the specific spatial and temporal relationships between glutamatergic and GABAergic inputs will determine whether IPSPs will be excitatory or inhibitory. In addition, the use of passive models (Figures 8B and 8C) demonstrates that the GABAergic excitation described here does not depend on "boosting" by voltage-activated conductances near the soma or within dendrites, but rather is a natural consequence of the spatiotemporal interaction between excitatory and inhibitory synaptic inputs.
Discussion
Using two methods that preserve intracellular anion concentrations, extracellular and gramicidin-based perforated-patch recording, we show that activation of somatic or dendritic GABA A receptors can facilitate action potential generation in mature cortical pyramidal neurons. These excitatory actions of GABA, which occur even though E GABA is below action potential threshold and largely uniform across the somato-dendritic axis, are dependent on the precise timing and location of GABAergic input relative to other excitatory input. As discussed below, these data indicate that GABA will have, under certain conditions, an excitatory role in cortical processing.
Mechanisms of GABAergic Excitation
Recent data indicate that mature pyramidal neurons express the potassium/chloride cotransporter KCC2 (Rivera et al., 1999). Hence, intracellular chloride levels can be assumed to be lower than would be predicted if chloride were passively distributed across the membrane. Under these conditions, activation of GABA A receptors would be expected to lead to an inward flow of negatively charged chloride ions. Consistent with this idea, antagonism of the potassium/chloride transporter with furosemide depolarizes E GABA in mature neocortical pyramidal neurons (Martina et al., 2001 ).
Using gramicidin-based perforated-patch recordings, however, we found E GABA to be approximately 10mV depolarized to the resting membrane potential (Ϫ79mV) through GABA A receptor channels is in the opposite direction (outward) and significantly greater than for chloride (estimated reversal potential for bicarbonate IPSP/EPSP response was also greater than that of the EPSP alone when EPSPs were generated at distal apical ions is Ϫ12mV, assuming intracellular pH is 7.2). Hence, at rest, ion flow through GABA A receptor channels is dendritic locations (Ͼ500 m). tate action potential generation when paired with other GABA A receptor activation limit depolarizations above excitatory input, even though E GABA is below action po-E GABA and therefore inhibit the membrane potential from tential threshold. This excitatory action of GABA rereaching action potential threshold. As the time course quires that the synaptic conductance underlying depofor this form of "shunting" inhibition mirrors the time larizing IPSPs is spatially or temporally isolated from course of the GABA A conductance change (Staley and other depolarizing inputs. This can happen in dendrites Mody, 1992), somatic IPSPs evoked from rest only inif the GABAergic conductance change is too distant to hibit action potential generation for the few milliseconds affect the soma (Koch et al., 1990) , allowing near-linear during which the synaptic conductance is maximal (see summation of depolarizing dendritic IPSPs with proxi- Figure 5 ). The conductance change associated with mal EPSPs (see Figure 4) . A similar mechanism is likely to dendritic GABA A receptor activation, while being too be responsible for the excitatory action of dendritically distant to inhibit somatic EPSPs, can effectively inhibit applied GABA previously observed in hippocampal CA1 local, and in some cases distal, dendritic excitation (see pyramidal neurons (Andersen et al., 1980) . In contrast Figures 6A and 8C ). This ability of depolarizing IPSPs to the excitation generated by dendritic IPSPs, excitato inhibit specific sets of temporally and spatially defined tion by somatic IPSPs results from temporal, rather than excitatory inputs extends the concept of "discriminative spatial, summation of synaptic inputs. Because depolarinhibition" originally described in CA1 pyramidal neuizing IPSPs have a longer time course than the underlyrons (Andersen et al., 1980) . ing conductance change (see Figure 5C ), EPSPs that occur after the GABA A conductance is largely over will Somatic and Dendritic GABA Responses sum with the residual IPSP depolarization. Similar temAre Qualitatively Similar porally dependent GABA-mediated excitation has been Early intracellular studies in hippocampal and cortical reported at an invertebrate neuromuscular junction pyramidal neurons consistently observed hyperpolariz-(Segev and Parnas, 1983) and in cultured hypothalamic ing somatic, but depolarizing or biphasic (hyperpolarizneurons (Gao et al., 1998 Figure 8C ) (Archer et al., 2001 ), which in turn patch recordings showed no qualitative difference becould influence synaptic plasticity and may enhance tween somatic and dendritic GABA responses; redendritic spike initiation. Taken together, these results sponses to brief applications of GABA or during evoked indicate that GABAergic synaptic transmission in the IPSPs were always depolarizing from rest, irrespective cortex can play an excitatory role in cortical processing of the site of GABA receptor activation. Biphasic (hyperin the mature nervous system. In addition, they suggest polarizing-depolarizing) responses to GABA were never that GABA cannot simply be classified as "inhibitory" observed. Second, dendritic gramicidin perforatedor "excitatory," rather the impact of a given GABAergic patch recordings revealed similar values for E GABA at soinput will depend upon its spatiotemporal relationship matic (Ϫ68 Ϯ 2mV) and dendritic (Ϫ66 Ϯ 1mV) locations.
to other depolarizing inputs. Nearly identical values for E GABA were recently reported The excitatory actions of GABA described here will be Simulations were performed using the NEURON simulation environment (Hines and Carnevale, 1997). The morphology of the neophysiologically relevant in vivo when the membrane po-
